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Ligation  alters the pathway of urea-induced 
denaturation of the  catalytic  trimer of 
Escherichia coli aspartate transcarbamylase 
S .  BROMBERG,' V.J. LICATA, D. MALLIKARACHCHI, AND N.M. ALLEWELL 
Department of Biochemistry, University of Minnesota, St. Paul, Minnesota  55108 
(RECEIVED February 7, 1994; ACCEPTED June 1, 1994) 
Abstract 
We have examined the pathway and energetics of urea-induced dissociation and unfolding of the catalytic trimer 
(cj) of aspartate transcarbamylase from Escherichia coIi at low temperature in the absence and presence of car- 
bamyl phosphate (CP; a  substrate), N-(phosphonacety1)-L-Asp (PALA;  a  bisubstrate  analog), and 2  anionic  in- 
hibitors, C1- and ATP, by analytical gel chromatography supplemented by activity assays and ultraviolet 
difference spectroscopy. In the absence of active-site ligands and in the presence of ATP,  c3 dissociates below 2 M 
urea into swollen c  chains that then  gradually  unfold from 2 to 6 M urea with little apparent cooperativity. Lin- 
ear  extrapolation to 0 M urea of free energies determined in 3  independent types of experiments yields estimates 
for AG~issociation at 7.5 "C of  about 7-10 kcal m" per interface. AGunfolding of dissociated chains when modeled 
as a 2-state process is estimated to be  very small, on  the  order of -2 kcal m". The data  are also consistent with 
the possibility that  the unfolding  of the dissociated monomer is a 1-state swelling process. In the presence of the 
ligands CP and  PALA,  and in the presence of CI-, c3 dissociates at much higher urea concentrations, and trimer 
dissociation and unfolding occur simultaneously and apparently cooperatively, at urea concentrations that increase 
with the affinity of the ligand. 
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denaturation 
Denaturation of multimeric  proteins involves more than 1  pro- 
cess because the protein must both dissociate and  unfold. If li- 
gands are present, there may be  several different dissociation and 
unfolding  reactions. As the concentration of a chemical dena- 
turant increases, the  order in which these processes occur and 
the energetic relationships among  them  define  a pathway of de- 
naturation. We have used both kinetic and equilibrium experi- 
ments to explore the pathway of urea denaturation of the c3 
subunit of Escherichia coli aspartate transcarbamylase at low 
temperature in the presence and absence of ligands and anionic 
inhibitors. 
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tory chain; GuHCI, guanidine-HCI; PALA, N-phosphonacetyl-L- 
aspartate; CP,  carbamyl  phosphate; OME, /3-mercaptoethanol; DTT, 
dithiothreitol;  OPA,  o-phthaldialdehyde;  HEPES,  4-(2-hydroxyethyl)- 
1-piperazineethane  sulfonic  acid. 
ATCase is a large, multisubunit enzyme whose activity is reg- 
ulated by ligand-induced changes in interchain and intersubunit 
interactions (for recent reviews, see Allewell [1989], HervC 
[ 19891, and Lipscomb [1992]). The holoenzyme is comprised of 
6  c and 6 r polypeptide  chains that can be dissociated into 2  tri- 
meric catalytic  subunits and 3 dimeric regulatory subunits. Be- 
cause the holoenzyme (cgr6) can be readily reconstituted from 
isolated r2 and  c3,  and because in genetically engineered E. coli 
the  proportions of rz, c3, Cgr4, and C6i-6 vary according to gene 
dosage while no  other multimeric species are ever observed, the 
holoenzyme is thought to assemble in vivo from preformed c3 
and r2 (Schachman, 1983, and references therein). 
The  catalytic  trimer, c3, is the smallest unit of ATCase that 
has enzymatic activity. Although active sites are located between 
c  chains, and binding of substrates and  substrate analogs trig- 
gers a major change in interchain interactions (Howlett & 
Schachman, 1977), binding of substrates is not  cooperative as 
it is in the holoenzyme. Nucleoside triphosphates, which regu- 
late the holoenzyme heterotropically, inhibit c3 by binding com- 
petitively with carbamyl phosphate  at  the active site (Porter 
et al., 1969; Suter & Rosenbusch, 1977; Honzatko & Lipscomb, 
1982). The  structure of c3 as it exists in the crystalline holoen- 
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zyme  is shown in Figure 1, viewed down the 3-fold axis relat- 
ing the monomers. 
We have  previously  studied the thermal denaturation of ATCase 
and its subunits in the presence and absence of PALA and reg- 
ulatory nucleotides by differential scanning calorimetry (Edge 
et al., 1985,  1988). Here we report a parallel analysis of urea- 
induced dissociation and unfolding of c3 by analytical gel 
chromatography, supplemented by ultraviolet difference spec- 
troscopy and activity  assays.  These approaches allow us to mon- 
itor dissociation and unfolding both globally and functionally 
in the presence and absence of ligands and inhibitors. Although 
the effect of ligation on thermal denaturation of multimeric pro- 
teins has been documented in a number of systems (cf. Edge 
et al., 1985,  1988; Brandts et al., 1989; Zolkiewski & Ginsburg, 
1992), the effect of ligation on chemical denaturation has rarely 
been explored. We find that in the absence of ligands, c3 disso- 
ciates in urea before it unfolds. In the presence of ligands, the 
denaturation pathway is altered and c3 apparently dissociates 
and unfolds simultaneously. In the presence  of anionic inhibitors, 
the  denaturation pathway can be either sequential, as it is  in the 
presence of ATP, or concerted, as it is  in the presence of CI-. 
Results 
Urea denaturation of c3, in contrast to thermal denaturation, 
is  largely reversible (M. Daugherty & N.M.  Allewell, unpubl. 
results). Denaturation of 10  pM c3 in 7  M urea for 2 h at 0 "C, 
followed by removal of urea by dialysis, resulted in recovery of 
72% of the initial activity and 77% recovery  in the presence of 
0.25 M NaCI.  Because  aggregation frequently interferes with the 
reconstitution of multimeric proteins (Jaenicke & Rudolph, 
1986), these levels of recovery are relatively good. Because de- 
Fig. l. Structural  schematic of a c3 subunit generated from the coor- 
dinates  for 1 catalytic  trimer  in  the  holoenzyme  coordinates in the  Brook- 
haven Protein Data  Bank, file 6AT1. 
naturation is largely reversible at low temperature, all experi- 
ments were performed at low temperatures. 
Difference spectroscopy 
Incubating c3 with either GuHCl or urea results in an ultravio- 
let absorbance difference spectrum relative to native c3 with a 
minimum at 288 nm (Burns & Schachman, 1982b). The change 
in absorbance at 288  nm produced by solvent perturbation pri- 
marily monitors the exposure of Tyr residues, especially  in Tyr- 
rich proteins such as c3 (Donovan, 1973). Difference absorbance 
at 288 nm was monitored after jumping c3 from native condi- 
tions into various urea concentrations at 14  "C  (Fig.  2A). Fitted 
t,,z's for  the AAZs8 ranged from 1 min to 39 min. Absorbance 
changes below -2  M urea were of the same magnitude as  the 
drift of the spectrophotometer. The equilibrium AA2s8 data 
(Fig. 2B) show a broad transition between about  2  and 5 M urea 
with a midpoint near 3.5 M. Results at 24  "C  were similar (data 
not shown), suggesting that the process monitored by the change 






Fig. 2. Kinetics of urea  denaturation of  c3 determined by UV differ- 
ence spectroscopy. A: Changes  in  absorbance  at 288 nm x 1 ,OOO are 
shown after mixing c3 with  urea to final concentrations of 5 pM c3  in 
1.75-7.85 M urea,  in  a buffer containing 0.1 M K+ HEPES, 0.2 mM 
DTT, 0.2 mM EDTA, pH 8.3, at 14 "C. Data shown are  (from bottom 
to top): 1.0 M  urea (O), 2.0 M  urea (O), 2.5 M urea (V), 3.0 M urea 
(~),3.5Murea(0),4.0Murea(.),4.77Murea(A),5.0Murea(A), 
5.5 M urea (O), 7.85 M  urea (0). B: Values of A, x 1,OOO determined 
using  Equation 1 are  plotted  versus  [urea]. Error  bars  are  the 67% con- 
fidence intervals of the  nonlinear fits to the  data  in  panel A. 
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In the absence of ligands 
In the absence of ligands, the weight average partition coef- 
ficient (u )  increases as  [urea] increases up to 1.75 M, then de- 
creases as the protein unfolds at higher urea concentrations 
(Fig. 3A). The increase in  partition coefficient, corresponding 
to a decrease in molecular Stokes radius at lower [urea], is a 
common feature of subunit dissociation in multimeric proteins 
that have been studied by small zone chromatography (cf. 
Herold & Kirschner, 1990; Toyama et al., 1991; Aceto et al., 
1992). 
Elution profiles from S-200 Sephacryl confirm that  the  dom- 
inant process at low [urea] is dissociation. These profiles con- 
sist of 2 partially resolved peaks whose relative areas  shift with 
protein and urea concentrations in the manner expected for an 
associating equilibrium (Fig. 4). Control experiments in which 
the time during which the protein sample was equilibrated in 
1.75 M urea before being applied to  an S-200 column indicated 
that elution profiles obtained with preequilibration times of 20- 
240 min  were  essentially identical (data not shown). Column cal- 
ibration indicated that between 1.25 M and 1.75 M urea,  the 
Stokes radii of both species increase by 3-4 A, indicating that 
"" 1 h 
Fig. 3. A,  B: AGC  experiments  showing  the  dependence of the  parti- 
tion coefficient, u, on urea concentration in the  absence of ligands (0) 
and in the  presence of 50 mM  ATP (A), 5 mM CP (+), 56 1M PALA 
(V), or 0.25 M NaCl (m). Five-micromolar cj was  incubated for >2 h 
at 0 "C in 0.1 M K +  HEPES, 0.2 M PME, 0.2 mM EDTA, pH 8.3, and 
the  appropriate  concentration of urea and  ligand, as indicated, before 
loading onto an S-300 Sephacryl column (1.5 x 50 cm)  equilibrated in 
the  same buffer and  maintained  at 7.5 "C. 
Elution Volume 
Fig. 4. A-C: Dependence of elution  profile on concentration of c3 in 
1.25 M urea on S-200 Sephacryl.  Initial  concentrations of c3: (A) 12.7 pM, 
(B) 5 pM, and  (C) 1.3 pM. D-G: Effect of varying  urea  concentration 
on the  elution  profile of 5 pM c3 on S-200 columns. Urea  concentra- 
tions: (D) 1.25 M,  (E) 1.5 M, (F) 1.625 M, and (G) 1.75 M. All experi- 
ments were carried out at 7.5 "C in 0.1 M K +  Hepes, 0.2 M PME, 
0.2 mM EDTA, pH 8.3. Samples  were  equilibrated  in  urea for >4 h be- 
fore loading. 
both  the monomer and trimer swell  with increasing [urea], but 
that the dissociation of trimer to monomer dominates the  shift 
in the overall weight  average u on the S-300  gel. The broad tran- 
sition between 2 and 7 M urea, similar to  that observed by dif- 
ference absorbance, indicates that the dissociated protein 
expands between 2 and 7 M urea. 
In the presence of active-site ligands 
In the presence of CP (a  substrate) and PALA (a  bisubstrate 
analog; Collins & Stark, 1971), the increase in partition coeffi- 
cient at low urea concentrations does not occur and the concen- 
tration of urea required to produce unfolding increases  (Fig. 3B). 
Because the active sites are located at  the interfaces between 
monomers, stabilization of c3 by CP  and PALA is not unex- 
pected. What is striking is that the ligand-induced stabilization 
of the trimer changes the apparent pathway of denaturation. The 
increase in Stokes radius that accompanies unfolding is no lon- 
ger preceded by a well-defined dissociation process. The dena- 
turation process remains biphasic in the presence  of ligands, but 
with a gradual decrease  in u at low [urea] followed by a relatively 
cooperative phase above 4 M urea. Note that in the absence of 
ligands, the protein is almost completely unfolded by 4 M urea. 
In the presence of PALA, a shoulder appears in the elution pro- 
file between 5 and 6 M urea. The u values in Figure 3B in this 
region are  the weight average u's including the  shoulder.  This 
shoulder may represent a swollen trimeric species with PALA 
Folding of catalytic trimer  of  ATCase 
bound that is in slow equilibrium with the dissociated, unfolded 
monomer at high [urea]. 
Effects of anionic  inhibitors 
AGC as a  function of [urea] was also performed in the pres- 
ence of ATP (Suter & Rosenbusch, 1977) and C1- (added  as 
NaCl), an anionic  inhibitor believed to be competitive with CP 
(Kleppe, 1966; Jacobson & Stark, 1975). Both 50 mM ATP and 
0.25 M  NaCl reduce a in the absence of urea,  probably  as  a re- 
sult of their high ionic strength, which either shields ionic inter- 
actions between the column and  the protein below 2 M urea or 
produces solvation-related changes in the protein's apparent size. 
However, the major effects of the 2 inhibitors are different: ATP 
does not suppress the dissociation step below 2 M urea, while 
NaCl  does. In contrast to  the results obtained in the presence 
of CP  or PALA,  the second "phase" in the denaturation with 
NaCl does not appear cooperative. 
Stabilization of the trimer by NaCl was confirmed by further 
AGC experiments carried out  on S-200 gels, ultraviolet differ- 
ence spectroscopy, and differential scanning calorimetry (data 
not shown). In experiments analogous to those shown in Fig- 
ure 4, the  elution profiles in the presence of 0.25 M NaCl were 
observed to consist only  of a single  high  molecular  weight peak. 
Addition of increasing NaCl to a  solution of c3 and 5 M urea 
titrated and ultimately eliminated the AA288 observed by ultra- 
violet difference spectroscopy. Differential scanning calorimetry 
of c3 in HEPES,  pH 7, indicates a  broad transition between 60 
and 70 OC; addition of 0.25 M NaCl, however, sharpens the tran- 
sition and increases T,,, by several degrees (data  not shown). 
Activity assays 
The experiments described above indicate that, in the absence 
of ligands, dissociation of  c3 into swollen but folded monomers 
can be studied in 1.25-1.75 M  urea. In order to characterize 
these processes further, we made use of the  fact that folded 
monomers are inactive (Burns & Schachman, 1982a) and used 
activity to monitor  the  formation or disappearance of c3 in ex- 
periments in which the association equilibrium was perturbed 
by altering [urea]. When c3 is assayed for activity in the pres- 
ence of 1.25-1.75 M  urea, activity is initially elevated to 120- 
140% of  that observed in  the absence of urea,  as  reported by 
Dreyfus et al. (1984). This initial activation occurs in less than 
a minute and is followed by a slow loss of activity, which pla- 
teaus  at activities below that observed in 0 M urea. 
Experiments in which c3 is "jumped" into urea concentra- 
tions between 1.25 and 1.75 M (Fig. SA) result in a decay to  an 
equilibrium level  of  activity that decreases  with increasing [urea] 
and decreasing total protein concentration. Fitted values of tl,2 
ranged from 1 to 1.8 h for all but 1 condition (t l ,2 = 2.8 h  for 
1.25 M  urea, 1 pM c3). 
Estimating  the  energetics of dissociation and unfolding 
From AGC on S-300 
Data were modeled with 3 different dissociation-unfolding 
models that differ in the  proposed  pathway of unfolding (see 
Materials and methods for a full description). Returned free en- 
ergies and parameter values for fits to these models are shown 
in Table 1. All 3 models assume that all free energies are linearly 
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Fig. 5. A: Kinetics of activity loss of  c3 after  exposure to low concen- 
trations of urea. Conditions shown  are: 1.75 M urea, 0.5 p M  cj (W); 
1.65 M, 1 p M  c3 (A); 1.5 M, 1 pM c j  (0); 1.35 M urea, 1 pM c3 (0); 
1.25 M urea, 1 p M  c3 (V); 1.25 M urea, 5 pM c3 (A). B: Trimer disso- 
ciation free  energies  as a function of [urea]  estimated  assuming  the  ac- 
tivity  losses  in  panel A are  due  solely to dissociation of the  trimer.  Linear 
extrapolation to 0 M urea  is also shown. 
dependent on urea concentration, and they all predict free en- 
ergies for 2-state transitions  among 3 molecular species 
N - I - U ,  
where N is the native state, I is an intermediate state,  and U is 
the unfolded  state.  The definitions of N, I, and U  differ with 
the model (see Materials and methods). The curves shown in  Fig- 
ure 3 correspond to  the model-dependent fits. In the absence of 
ligands, the free energy of c:c interactions in the trimer is esti- 
mated at  about -9.7 kcal/mol. 
Besides  being  model dependent, the values  in Table 1 must be 
regarded as  approximate because of changes in concentration 
due to axial dispersion and problems inherent in studying asso- 
ciating systems  using small zone chromatography (Zimmerman 
& Ackers, 1971). Because native cj  was diluted &fold on the 
column,  the error was estimated by calculating AGd with the 
initial concentrations of protein and 118 that concentration. 
These values differed by -2 kcal m" . 
The possibility of ionic-strength and ligand-specific effects on 
the u values also complicates the  quantitative analysis of these 
data. Partition coefficients for c3 in the absence of urea change 
in  the presence of NaCl, saturating at a [NaCI] of about 0.4 M 
and a Aa of -0.015. In the presence PALA, u changes in the 
opposite  direction,  saturating at 50 pM PALA and a AU of 
0.017. The change with PALA reflects known quaternary 
1240 S. Bromberg et ai. 
Table 1. Parameter values derived by  fitting AGC results to various denaturation modelsa 
Model 1 (Equations 3 and 4) 
Parameter No ligands +56 pM PALA +5 mM CP +50 mM ATP +0.25 M NaCl 
ANI -3.6  ( 7,1,  1 7)0 7  (-0.82,  -0.53)  -0.67  (-1.9,  1) (-3.2, -0.98) 
~" 
-1.7 (-2.2, -1.1) 
A IU -0.70(-0.61, -0.77) -1.9(-2.2, -1.6) -2.0 (-2.5, -1.4) -0.7 (-0.79, -0.57) -0.95 (-1.0, -0.90) 
AGNI 5.5 (2.8,  10.9) 1.4 (1.2, 1.6) 2.0  (1.6,  2.7) 2.5 (1.3, 4.1) 0.73 (0.26, 1.2) 
AGIU  2.1 (1.7, 2.4) 10.5 (8.9, 12.0) 9.0 (6.5, 11.3) 2.0 (1.7,  2.3) 4.1 (3.8, 4.3) 
QN 0.467  (0.464,  0.470) 0.4797b 0.461 0.430  (0.418,  0.443) 0.444  (0.435,  0.452) 
0 1  0.550  (0.518,  0.578) 0.399  (0.393,  0.405) 0.401 (0.397, 0.404) 0.550' 0.406  (0.404,  0.409) 
QU 0.256  (0.251,  0.260) 0.254  (0.247,  0.262) 0.253 (0.249, 0.257) 0.266  (0.256,  0.276) 0.263 (0.261, 0.266) _ _ _ _ _ _ ~ "  
Model 2 (Equations 5 and 6) 
~~ 
No ligands No ligands +50 mM ATP +50 rnM ATP 
Parameter [c3] = (0.5 mg/mL) [c3] = (0.0625 mg/mL) [c3] = (0.5 mg/mL) [c3] = (0.0625 mg/mL) 
Ad -10.1 (-11.2,  -4 7) -10.0 (-11.7,  -4 67)  -3.6  ( 0, -1.8) -3.6  ( 6 0,  -1.8)
AIU -0.70  (-0.78,  -0.62)  -0.70  (-0.78,  -0.62)  -0.7(-0.79,  -0.60)  -0.69  (-0.79,  -0.60) 
m u  2.1  (1.75,2.45) 2.1 (1.7, 2.5) 2.0  (1.8,  2.3) 2.0  (1.8,  2.3) 
QN 0.467  (0.464,  0.470) 0.467 (0.464, 0.470) 0.426  (0.413,  0.443) 0.426  (0.414,  0.443) 
QI 0.542  (0.516,  0.570) 0.542  (0.516,  0.570) 0.550' 0.550' 
QU 0.256  (0.251,  0.261) 0.256  (0.252,  0.260) 0.266  (0.256,  0.275) 0.265 (0.256, 0.275) 
AGd 28.0  (20.0,  29.7)  30.   (22.3, 3 .7)  17.4  (14. , 20.9)  19.7  (17.1, 22.8) 
Fits to Model 3 (Equations 7 and 8) 
+56 pM PALA +56 pM PALA 
Parameter [c3] = (0.5 mg/mL) [c3] = (0.0625 mg/mL) 
ANI -0.68  (-0.81,  -0.51) -0.69 (-0.85, -0.53) 
A d  -4.5 (-7.0, -2.7) -4.5 (-7.2, -2.8) 
AGNI 1.4  (1.2,  1.6) 1.4 (1.2, 1.7) 
A Gd 38  (28,  5 ) 40  (31, 55) 
ON 0.4797b 0.4797b 
QI 0.340  (0.389,  0.4 7) 0.400  (0.392,  0.407) 
QU 0.256  (0.246,  0.266) 0.256  (0.246,  0.266) 
a Values  in  parentheses  are  the  upper  and  lower 67% confidence intervals of the  nonlinear regression. 
Constrained to the  observed value. 
Constrained to value  determined  in  independent  experiments (Bromberg, 1990). 
changes (Howlett & Schachman, 1977); the change with NaCl 
is unexplained. Compared with starting u's of about 0.45 and 
overall Au's of about 0.22 for full denaturation, these are rela- 
tively minor shifts. They do, however, suggest the possibility  ei- 
ther of interactions between c3 and  the Sephacryl, which are 
altered with increasing ionic strength, or the possibility that 
NaCl as well as PALA induces alterations in the protein's ap- 
parent size. 
From AGC on S-200 
If the  area under  each peak in Figure 4 is proportional  to 
the concentration of c  chains,  then [c3]/[c] = areal/3.area2, 
where the subscripts  indicate the  order of elution.  In addition, 
3 [c3] + [c] = [ctot],  the total concentration of protein expressed 
as c chains. K is then given  by 
A = [cl3/[c3] = ( ~ , , , ) ~ ( a r e a ~ ) ~ / [ a r e a ~ .  (area, + area2)2]. 
Using the concentration of the protein in the sample applied and 
1/8 that concentration as limiting  values and assuming linear de- 
pendence of AGd on [urea] results in estimates of the free en- 
ergy of dissociation of 23.5-24 kcal mol". The c:c interchain 
interaction energy is therefore = -8 kcal (mol interface)". 
From activity assays 
Figure 5B is a plot of the free energies calculated from the dis- 
sociation equilibrium constants  determined from  the plateaus 
of the activity loss plots in Figure 5A (see Materials and meth- 
ods). Loss of activity was monitored  after  jumping c3 into 1.25- 
1.75 M  urea.  The  extrapolation to 0 M urea yields a free energy 
of 20.8 kcal m" for  the dissociation reaction, giving a free 
energy of stabilization of the c:c interface of -7 kcal mol-'. 
Discussion 
Figure 3 clearly demonstrates that ligation of c3 alters the order 
and energetics of the processes of dissociation and unfolding in 
urea. In the absence of ligands, the trimer dissociates into swol- 
len monomers in 1.25-1.75 M urea. Dissociation is detected as 
an increase in the weight average partition coefficient on S-300 
Sephacryl (Fig. 3A), as 2 peaks on S-200 Sephacryl (Fig. 4), and 
as the loss of activity that is concurrent with dissociation (Fig. 5) .  
The observed increase in u is a  signature of subunit dissociation 
Folding of catalytic trimer of ATCase 1241 
(cf. Herold & Kirschner, 1990; Toyama et al., 1991; Aceto et al., 
1992).  Slight shifts in the partition coefficients of monomers and 
trimers in the region of [urea] where dissociation occurs indi- 
cate that  both simultaneously swell. 
That  the dissociated species  is primarily the swollen monomer 
is inferred from its Stokes radius, determined by calibrating the 
column with monomeric proteins of known Stokes radii, which 
is greater than  that expected for  the folded monomer,  but less 
than that of a folded dimer. The swollen monomer may be anal- 
ogous to  the "molten globules" reported in other systems. Pre- 
vious studies of monomeric c chains (Burns & Schachman, 
1982a, 1982b), performed  before  compact denatured states  of 
proteins were widely known, characterized monomers in chao- 
tropic salts as having many of the same attributes as compact 
denatured states of monomers described in recent studies of 
other monomers derived from multimeric proteins (e.g.,  Leistler 
et al., 1992; Silva et al., 1992; Flynn et al., 1993). 
In the presence of CP  and  PALA, which bind at  the active 
sites between c  chains,  instead of first dissociating, the trimer 
swells, producing a  gradual decrease in the partition coefficient, 
then undergoes concurrent and cooperative dissociation and un- 
folding (Fig. 3B). Although other models cannot be ruled out, 
the combined concerted model fits the data and is one of the sim- 
plest. Because c3 is not active above  2  M urea, we can identify 
the swollen trimer as a  compact denatured  state, stabilized by 
ligation. Because the free energy of the combined process in- 
cludes a  contribution from  the free energy of binding of the li- 
gand, it occurs at higher urea concentrations than in the absence 
of  ligands, and we observe that  the shift in relative midpoint is 
correlated with the free energy of binding of the specific ligand. 
Values  of AGIU in the fits to model 1 (Equations 3 and 4 in Ma- 
terials and methods) in the absence and presence of 0.25 M 
NaCl,  5 mM CP,  and 56 pM PALA show an increase in stabil- 
ity of 2.1,6.9, and 8.4 kcal m", respectively. The  denaturation 
profile in the presence of C1- is  less cooperative and occurs at 
lower [urea], possibly reflecting the relatively weak binding of 
CI-. Fine structure in the change in partition coefficient as the 
ligated trimer swells suggests that  the trimeric denatured  state 
undergoes further  structural changes. 
The fits of these data  to  the  denaturation models outlined in 
Equations 3-8 provide estimates of the corresponding free energy 
changes. These values must be regarded as preliminary and  ap- 
proximate because  of  their  model dependence and because  of the 
multiple effects of axial dispersion in small zone experiments 
(Zimmerman&Ackers, 1971). Intheabsenceofligands,thefree 
energy  of c:c interactions in the  trimer is estimated at -9.7 
kcalm"  (67%  confidencelimits: -6.7 to -10.9 kcalm-I). Val- 
ues estimated from peak areas on S-200 Sephacryl(-8 kcal m-') 
and  from activity assays (-7 kcal m") fall within the confi- 
dence limits of the small zone chromatography value. 
ATP, which also binds at  the active site, behaves quite  differ- 
ently from  the  other ligands. The model-dependent fits suggest 
that ATP decreases the stability of the trimer to urea denatur- 
ation. Destabilization of the c:c interface by ATP has also been 
inferred from measurement of rates of subunit exchange (Yang 
& Schachman, 1987), rates of tritium exchange (Lennick & 
Allewell, 1981), and negative cooperativity of binding (Suter & 
Rosenbusch, 1977). In thermal denaturation experiments, where 
the temperature dependence of assembly and/or  the presence of 
phosphate prevents dissociation, ATP also binds preferentially 
to  the  denatured trimer (Edge et al., 1985, 1988). 
Characteristics  of the unfolding of the swollen monomers in 
the absence of ligands and in the presence of ATP suggest that 
the unfolding may not be 2-state. Although  it is convenient to 
assume 2-state cooperativity and obtain free energies for N t* D 
transitions from sigmoidal denaturation curves, the decrease 
in u above  2  M urea in the absence of ligands (Fig. 3A) is not 
sigmoidal. The  parameter AI" for the unliganded fit from Ta- 
ble l is small compared to theoretical and experimental  urea 
denaturation slopes for monomeric proteins at 20-25 "C (Alonso 
& Dill, 1991); and AGIU (the estimated monomer unfolding 
free energy) at -2 kcal/mol is small compared to the range of 
free energies for 2-state denaturation of monomeric  proteins 
(Pace, 1975; Privalov & Gill, 1988). Unfolding curves obtained 
at 7.5  "C  (Fig. 3A), 14 "C (Fig. 2B), and  at 24 "C (difference ab- 
sorbance data  not shown) show little temperature  dependence, 
suggesting that  the processes they monitor involve little net en- 
thalpy  change. 
Consideration of compact denatured states in the light  of het- 
eropolymer theory (Dill & Shortle, 1991)  suggests an alternative 
model for unfolding of the monomer 
c, ++ 3cu 
in  which the monomers swell after dissociation, increasing  in sol- 
vent exposure as conditions become more  favorable for the sol- 
vation of hydrophobic residues. In this model, there is no energy 
barrier separating any different denatured thermodynamic states 
of the  monomer. Much of the present data  are consistent with 
such a process occurring above  2  M  urea in the absence of li- 
gands and in the presence of ATP. In  favorable cases, rapid 
size-exclusion chromatography can discriminate between 2-state 
(N t* D) and 1-state (swelling) unfolding  transitions (Uversky, 
1993) and may be useful in further defining the process that oc- 
curs  above  2 M urea in Figure  3A. 
Figure 6 shows  proposed  pathways for  denaturation of c3 in 
the presence and absence of ligands as a  thermodynamic cycle. 
Large zone AGC experiments currently in progress will improve 
the  quantitation substantially. It may be that  the primary  ener- 
AGA 
AGNI (L) 
Fig. 6. Schematic  depiction of the  proposed  pathways  for  denaturation 
of cg in  the absence of ligands  and  in  the  presence of  PALA, CP, and 
C1-. The  black dots represent ligands, while  the  larger  shaded  circles 
represent monomers. The  first  process  in  the  sequential  (upper) path- 
way involves dissociation of the  trimer and swelling of the monomers, 
followed by unfolding of the monomer. The  "concerted" (lower) path- 
way involves only a  swelling of the  trimer  in the first step, followed by 
a  simultaneous dissociation, unfolding, and dissociation of ligand. The 
macroscopic free energies  depicted on this  schematic  linkage  correspond 
to those modeled in  Table 1. If unfolding of the  monomer  proceeds  via 
a 1-state swelling process the free energy AGIU would not exist (see 
text). Both  pathways  produce  a  denatured  particle  with  the  same  Stokes 
radius. 
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getic stabilization  of the “native”  folded form of the protein is 
from interchain  rather than intrachain  interactions, as appears 
to be the case in the trp repressor system (Fernando & Royer, 
1992). One of the principal reasons why monomers of the cata- 
lytic subunit are not observed in vivo may be that trimer forma- 
tion is  necessary for complete folding, and that ligation stabilizes 
the trimer even further. 
Conservation of energy dictates that unless it  is specifically 
linked to other processes, binding of a ligand will stabilize a pro- 
tein to  denaturation. Examples of systems in which ligation is 
not linked to any  other process are, however, rare. Often ligand 
binding is energetically linked, either positively or negatively, 
to subunit dissociation through long-range effects. For exam- 
ple, in the ATCase holoenzyme, binding of ATP  to  the regula- 
tory subunits weakens the c:c interface (Edge et al., 1985,  1989), 
although the nucleotide binding site is far  from  the interface. 
In c3, the linkage is probably steric, rather than allosteric. Be- 
cause ligands bind between subunits, some of the energy of li- 
gation can be used directly to stabilize subunit association. The 
contrasting effects of C1- and ATP may be due to the fact that 
C1- can fit easily into  the active site of c3 and promote subunit 
association by reducing the positive charge at the interface, 
whereas ATP  does  not fit fully into  the active site (Honzatko 
& Lipscomb, 1982) and, while reducing the positive charge, may 
disrupt other interactions. 
Although the experiments illustrate the potential of AGC in 
analyzing the energetics and pathways of folding and assembly 
and provide clear evidence for a  change in pathway upon liga- 
tion, they suffer from  the shortcomings of small zone experi- 
ments. Large zone experiments utilizing HPLC now in progress 
will improve the  quantitation  and allow the denaturation path- 
ways in the presence and absence of ligands to  be characterized 
in greater  detail and with greater  certainty. 
Materials and methods 
Materials 
PALA was obtained from  the Drug Synthesis and Chemistry 
Branch, Division of Cancer Treatment, National  Cancer  Insti- 
tute, Bethesda, Maryland,  Purity was determined as described 
previously (Bromberg et al., 1990). Ultrapure urea was obtained 
from Schwarz/Mann Biotech. ATP (grade 11, dilithium salt) 
was obtained from Sigma Chemical Company. All other chem- 
icals and proteins used were obtained from Pharmacia Fine 
Chemicals or Sigma. The pH of all buffers was adjusted at room 
temperature. 
Purification of c3, verification of its purity,  storage, desalt- 
ing and exchange into experimental buffer (0.1 M K+ HEPES, 
0.2  mM DTT, 0.2 mM EDTA, pH 8.3, unless otherwise noted), 
and determination of protein  concentration were performed as 
described previously (Bromberg et al., 1990, and references 
therein). Plasmids EK1104 and pEK17 were kindly provided 
by Dr. Evan Kantrowitz (Boston College, Chestnut Hill, 
Massachusetts). 
Spectroscopy 
Ultraviolet difference spectra were obtained with either a Hitachi 
model 100-60 or  an EU700 series GCA/McPherson spectropho- 
tometer. Two-compartment quartz mixing  cells  were employed 
and spectra were recorded from 230 to 320 nm  before and  af- 
ter jumping cj  from native conditions into various  concentra- 
tions of urea at 14 “C in 0.1 M K +  HEPES, 0.2 mM DTT, 
0.2 mM EDTA, pH 8.3, and a  final  concentration of 5 pM c3 .  
The  data in Figure 2A were fit to a single phase exponential 
decay 
A(  t )  = A, (1 - exp--Ropp‘), (1) 
where A, is the fitted limiting value of A ( t )  at 288 nm. 
AGC 
Methods were those of Ackers (cf. Ackers, 1970;  Valdes & Ac- 
kers, 1979), modified as described by Bromberg et al. (1990). 
Resins were S-200 and S-300 Sephacryl from  Pharmacia. Col- 
umns were thermostatted at 7.5 “C with a circulating waterbath. 
Excluded and included volume markers were blue dextran and 
glycine, respectively. Protein and glycine were postcolumn de- 
rivatized with OPA  and detected with a Gilson Spectraglo flu- 
orometer  fitted with OPA filters. Blue dextran was detected at 
620 nm. Experiments with CP  were performed in a chromato- 
graphic  chamber  thermostatted at 12 “C. Colorimetric  phos- 
phate assays (Fiske & Subbarow, 1929; Spector et al., 1957) 
indicated that the  concentration of CP eluting from  the column 
was >2 mM. 
The  partition  coefficient, u, is defined as 
where V,  is the elution volume of the sample, is the elution 
volume of glycine (the included volume of the gel), and V, is 
the elution volume of blue dextran (void volume). In small zone 
experiments, 0.5 mL of protein, blue dextran, and glycine  were 
always loaded as a mixture, allowing the  elution volume differ- 
ences ( Y  - &) and ( V ,  - Vo) to be determined directly in each 
column run  from  the positions  of the 3 eluted peaks. 
Previous experiments carried out with several single-site mu- 
tants of c3 required high concentrations  of @ME  to prevent ag- 
gregation and precipitation of the protein (Bromberg et al., 
1990). The present experiments were also performed in the pres- 
ence of 0.2 M @ME. Titrations of c3 with @ME  at 1 M  urea 
show that 0.2 M @ME destabiIizes the association of  the trimer 
by 0.5-1 kcal/mol (Bromberg, 1990). 
Model-based analysis of AGC data 
Data were fit with the nonlinear least-squares program  NON- 
LIN (Johnson & Frasier, 1985) on a Vax 8550. Following Pace 
(1986), free energies were assumed to be linear functions of 
[urea] such that AG,,, the free energy of the equilibrium x y 
at a given urea  concentration, is  given  by 
AGxy = AGxyo + A,[urea] , 
where AGxyo is the free energy in the absence of  urea and A is 
the slope of the [urea] dependence. 
The first model fit makes no assumptions about the processes 
involved and uses dimensionless equilibrium  constants: 
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where N is the native protein, I is an intermediate, and U is the 
unfolded  protein. 
Because ffob, is a weight average and [ctot] = [CN] + [c,] + 
[cu], where [ctot], [cN], IcJ, and [cu] are concentrations of 
total protein, N, I, and U, respectively, ffob, is  given  by 
where uN, uI , and u,, are partition coefficients of native c3, in- 
termediate, and unfolded  c  chains, respectively. 
Data obtained in the absence of ligand and in the presence of 
ATP were fit to a model  with a dissociation  equilibrium constant 
for  the first transition: 
where  c3  is the native trimer, c,  is the swollen monomer, and cu 
is the unfolded  monomer.  Here sobs is given  by 
[cl] , the molar concentration of folded monomer, was approx- 
imated for each iteration by an interval division routine. 
Data  obtained in the presence of PALA, where the protein 
appears to dissociate and unfold simultaneously near 5 .5  M 
urea, were  analyzed  in terms of a model with a dissociation equi- 
librium constant for the second transition: 
where c3  is the native trimer, TI is the swollen trimer, and cu is 
the unfolded protein, and where ffob, is  given by 
Partition coefficients for the modeled molecular species did 
not vary with varying models, although they did vary with dif- 
ferent liganddinhibitors. For several fits,  one of the u values 
had to be constrained in order to  obtain a physically meaning- 
ful  fit.  Parameter values for free energies and urea dependence 
of steps that were identical between models also did not vary. 
Including more than 1 intermediate in the models did not im- 
prove the  quality of the fit to  data obtained in the absence of 
ligands or in the presence of ATP or NaCl. Results for  CP  and 
PALA suggest an additional intermediate between 2 and 3  M 
urea; however, the number of points and  the  amplitude of the 
variations in u were not  sufficient to obtain convergence for 
models with more than 1 intermediate. 
Activity measurements 
Because activity was monitored over several hours, the colori- 
metric assay of Bencini et al. (1983)  was modified to minimize 
the  contribution of CP hydrolysis. Fifty-microliter aliquots of 
80 mM CP, 0.32 M L - A s ~ ,  0.1 M K +  HEPES, 0.2 mM EDTA, 
pH 8.3, were frozen in microcentrifuge tubes and stored at 
-70 "C until needed. Before each assay, 0.75 mL 0.1 M K +  
HEPES, 0.2 mM EDTA, pH 8.3, containing various concentra- 
tions of urea, was added to the frozen substrate to give final con- 
centrations of CP and L-As~ of 5 mM and 20 mM,  respectively. 
Five micrograms of enzyme was added and  the tube was incu- 
bated  at 7 "C. After varying amounts of time, 0.75 mL  of the 
assay solution was added to 3.0 mL  of the colorimetric reagent 
(100 mM zinc acetate, 15 mM ammonium molybdate, pH 5 )  and 
incubated on ice for  3 min. OD350 was determined with a Spec- 
tronic 20 spectrophotometer kept in a cold chamber at 10 "C in 
the presence of desiccant. Phosphate standard curves obtained 
in the presence and absence of urea were identical, ruling out 
a reaction between urea and  the colorimetric reagents. 
Kinetic data (Fig. SA) were fit to a single exponential decay 
where P is the experimental parameter (070 activity), A P  is the 
activity lost at infinite time, and a is the activity remaining at 
infinite time. Putative dissociation equilibria (K) can be calcu- 
lated from  the plateau value of the activity loss after jumping 
c3 into low [urea] if one assumes that the loss of activity is a di- 
rect measure of the amount of dissociation: 
where P is the percent activity lost at infinite time and a is the 
percent activity remaining at infinite time. 
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